Mechanistic considerations of the protonation and fragmentation of highly functionalized molecules in fast atom bombardment: high resolution mass spectrometry and tandem mass spectrometry analyis of the ions formed by fast atom bombardment of digoxin and related cardiac glycosides  by Light, Karen J. & Allison, John
Mechanistic Considerations of the Protonation 
and Fragmentation of Highly Functionalized 
Molecules in Fast Atom Bombardment: High 
Resolution Mass Spectrometry and Tandem 
Mass Spectrometry Analysis of the Ions 
Formed by Fast Atom Bombardment of 
Digoxin and Related Cardiac Glycosides 
Karen J. Light and John Allison 
Department of Chemistry, Michigan State University, East Lansing, Michigan, USA 
High resolution mass spectrometry and tandem mass spectrometry analyses of the major 
ions of digoxin formed by fast atom bombardment are presented and discussed to investi- 
gate the mechanisms through which fragment ions are formed. Similar cardiac glycosides 
are also analyzed to provide support for the proposed fragment assignments. Remote site 
fragmentation with the charge localized on the aglycone portion of the molecule may pro- 
vide an explanation for the fragment ions observed in these studies because the majority of 
these ions contain the aglycone portion of the molecule. The results obtained parallel previ- 
ously reported results from an ammonia chemical ionization mass spectral study of cardiac 
glycosides. (J Am Sot Muss Spectrom 1990, 1, 455-472) 
T HE cornerstone of mass spectrometry, on which its power for structure elucidation is built, is the understanding of the mechanisms by which 
molecular ions fragment in the gas phase. For the 
ionization technique used most often in mass spec- 
trometry, electron ionization (EI), fragmentation 
mechanisms have been well characterized and utilized 
to understand the relationship between the m/z val- 
ues and relative abundances of the ions formed and 
the structure of the compound under study [l]. When 
El is utilized, the relative abundance of a fragment ion 
in a mass spectrum, as well as its m/z value, gives 
some information on the structure of the ion, the 
environment in the molecule from which it is formed, 
and the type of mechanism involved in its formation 
[I]. However, mass spectrometry has moved away 
from ELbased techniques toward a variety of desorp- 
tion ionization techniques that can be applied to the 
analysis of larger, more highly functionalized 
molecules. While the number of ionization methods 
available for mass spectrometry is now substantial, 
the mechanisms through which fragment ions are 
formed via these methods are not well understood, 
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and their establishment has not been extensively pur- 
sued to date. Frequently there is little discussion of 
fragmentation mechanisms in the mass spectrometry 
analysis of large molecules, and those mechanisms 
that are proposed and utilized usually have not been 
substantiated. Often the interpretation relies only on 
the presence/absence of ion current at a particular 
m/z value, with abundance information being of rela- 
tively little utility. 
The understanding of fragmentation mechanisms 
not only facilitates the interpretation of mass spectra 
of unknown compounds, but is vital when known 
compounds are under study in which an isotopic label 
has been incorporated, and the position and extent of 
the label incorporation must be ascertained. This has 
become important for larger molecules in the study of 
metabolic pathways [Z] in which a labeled compound 
is introduced into a system and its fate is followed 
with mass spectrometry, by monitoring label incorpo- 
ration into metabolites. Thus, mechanistic aspects of 
fragmentation far larger molecules should be consid- 
ered when ionization methods other than EI are used. 
As it is somewhat impractical to expect that extensive 
labeling studies be performed on large molecules, we 
evaluate here the use of the tools that are available on 
a conventional double-focusing sector instrument- 
high resolution mass spectrometry (peak matching) 
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and collisionally activated dissociation (CAD) method- 
ology-for providing insights into the ions produced 
by fast atom bombardment (FAB). In particular, we 
focus on the FAB mass spectra of cardiac glycosides, 
and further focus on the molecule digoxin. We have 
chosen a case where the protonated molecule and 
many fragment ions are observed in the FAB mass 
spectrum. The CAD spectra obtained from linked 
scanning at constant B/E for the ions observed, and 
the results of accurate mass measurements, will be 
presented and discussed. We will assume that for this 
type of analyte molecule the dominant mode of ion- 
ization is essentially glycerol chemical ionization in 
which protonated glycerol (or some fragment ion de- 
rived from glycerol) protonates the desorbed neutral 
molecule in the gas phase, and fragmentation follows 
protonation [3]. 
The data will be evaluated in the context of basic 
questions concerning the site of protonation and frag- 
mentation mechanisms for these highly functionalized 
molecules, typical of those studied by FAB and liquid 
secondary ion mass spectrometry (LSIMS). 
Experimental 
The cardiac glycosides were obtained from Sigma 
Chemical Co., St. Louis, MO, and were used with- 
out further purification. Acetyldigitoxin was purchased 
from ICN K&K Laboratories, Cleveland, OH. The sam- 
ples were dissolved in methanol to concentrations of 
approximately lpg pL_*. Two microliters were trans- 
ferred to the FAB probe tip and mixed with the gly- 
cerol matrix. All FAB analyses were performed on 
a JEOL HX-110 double-focusing mass spectrometer 
(JEOL, Ltd., Tokyo, Japan) of forward geometry with 
an accelerating voltage of 10 kV and a FAB gun volt- 
age of 6 kV with xenon FAB gas. Peak matching was 
performed with a resolving power of 7,000 or more, 
using glycerol cluster ions as reference ions. 
All CAD experiments were performed by linked 
scanning (at constant B/E) controlled with the JEOL 
JMA-DA5000 software and using helium as the col- 
lision gas. The ability to compare CAD spectra in 
terms of the daughter ions observed was important 
for their utility in the mechanistic considerations ad- 
dressed in this article. This suggested the need for 
performing these CAD experiments under single colli- 
sion conditions, as opposed to multiple collision condi- 
tions where CAD of CAD products could be observed. 
Therefore all CAD experiments were performed by 
introducing helium into the collision cell so that the 
signal for the parent ion was attenuated by 108, 
which produced single collision conditions [4]. In our 
initial studies we were intrigued that low mass ions at 
m/z 113 and m/z 131 were dominant ions in the FAB 
spectrum of digoxin, but were not observed as CAD 
daughter ions of the [M]H+ ion of digoxin. This was 
particularly distressing in light of a previously re- 
ported CAD mass spectrum of digoxin in which these 
two low mass ions were observed [5]. Our prelimi- 
nary CAD data were collected with no instrumental 
changes from that used in the FAB mode and with a 
tuning file that contained ions from m/z 39 to m/z 964 
(from a mixture of KI and CsI). However, the B/E 
linked scanning software program used with the JEOL 
HX-110 double-focusing mass spectrometer to per- 
form these CAD experiments requires a good mag- 
netic field calibration table. A relation between the 
calibration table lowest mass number (m*), the linked 
scan parent ion mass number (m,), and the lowest 
observable daughter ion (m2) is suggested in the 
JEOL instruction manual by the following formula [6]: 
m* = (m#/(ml). Therefore a different calibration 
compound, Ultramark 1621, from PCR Inc., 
Gainesville, FL, was selected to allow for the con- 
struction of a tuning file that contained many low 
mass ions, with m/z 1 being the lowest mass ion 
included. In addition to this change of calibration 
compound, performing CAD experiments on the JEOL 
HX-110 requires repositioning the conversion dynode 
and opening the slit between the electric sector and 
the magnetic sector to enhance detection of low mass 
fragment ions that have lower kinetic energies than 
their parent ions [7]. These modifications allowed us 
to observe the expected low mass daughter ions at 
m/z 113 and m/z 131 from the protonated digoxin 
molecule. 
In some cases, where the parent ion was within 
approximately 5 u of a mass spectral peak derived 
from glycerol alone, interference from the glycerol 
matrix appeared in the CAD spectra and made it 
necessary to use an alternative matrix, thioglycerol. 
Another form of glycerol interference occurred when 
the parent ion selected for CAD analysis had a low 
relative abundance compared to the glycerol adduct 
ions. In this case, a cluster of ions 90, 92, 94, and 96 u 
lower than the nominal mass of the parent ion, with 
successive losses of 90, 92, 94, and 96 u, appeared in 
the linked scan spectrum. These “92” losses were not 
observed when the matrix was thioglycerol, but were 
observed with glycerol alone. Therefore, it was deter- 
mined that these ions originated from the glycerol 
matrix. The artifact peaks clustered 92 u below the 
parent ion are denoted by T in the B/E mass spectra 
that are presented. 
Results 
The fast atom bombardment mass spectrum aj digoxin - ex- 
act muss measurements and frugment ion assignments: The 
fragmentation pathways operative in the FAB analysis 
of digoxin are the subject of this article and thus 
discussion will begin by presenting the data obtained 
for digoxin. Initial assignments for the fragment ions 
are proposed to provide a basis for discussing the 
possible mechanism(s) of fragmentation. This creates 
a difficult situation because the identities of the frag- 
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Figure 1. Structures of the cardiac glycosides. The m/z values 
of the fragment ions labeled on the hgure are for digoxin. 
ments are necessary for determining the fragmenta- 
tion mechanism(s) and likewise the fragmentation 
mechanism is required to know the exact structure of 
the fragments that we wish to describe in the ionic 
assignments. Whereas mechanistic possibilities are be 
ing evaluated throughout this article, the nomencla- 
ture used to identify different fragments is the 
Light/Kassel/Allison scheme, which has previously 
been described [ 81. The Light/Kassel/Allison scheme 
is designed as a precise shorthand for discussing both 
ionic and neutral variants of the types of molecules 
addressed in this article. This nomenclature allows for 
more mechanistic detail than the more common 
Damon/Costello nomenclature [9], which is mecha- 
nistically neutral. Where appropriate, reference is 
made to the Damon/Costello scheme to provide addi- 
tional clarity for those readers more familiar with this 
latter system. 
The structure of digoxin is shown in Figure 1 (case 
D). Also shown in Figure 1 are the proposed fragment 
ions for digoxin. The FAB mass spectrum of digoxin is 
shown in Figure 2a, and the linked scan spectrum of 
the [M]H+ ion of digoxin (where M is the intact 
molecule), M/Z 781, is shown in Figure 2b. The FAB 
mass spectrum contains peaks representative of the 
protonated digoxin molecule [M]H+ at m/z 781, frag- 
ment ions derived from the analyte digoxin, and the 
glycerol matrix adduct ions, [(glycerol),]H+ (denoted 
by *). All of the fragment ions appear at odd m/z 
values and are thus even electron ions. There are a 
few types of ions that suggest patterns of fragmenta- 
tion. The ftrst of these is represented by the ion 
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current at m/z 651. The terminal glycosidic bond is 
cleaved such that the glycosidic oxygen remains on 
the fragment containing the aglycone. Although the 
actual fragmentation follows protonation, to demon- 
strate how the nomenclature scheme is used, consider 
the neutral digoxin molecule, designated as 
[AOS,OSZOSsOH]. If the C-O bond of the terminal 
glycosidic linkage were cleaved as shown in Figure 1, 
two radical fragments would be formed with masses 
of 131 and 649 u. This bond cleavage appears to be 
accompanied by an H-shift toward the glycosidic oxy- 
gen, producing two neutral species with masses of 
130 and 650 u that are designated by the Light/Kas- 
sel/Allison shorthand notation as [HOSiH] and 
[AOS,OS,OH], respectively. Both of these neutral 
species are observed in protonated form in the FAB 
mass spectrum at m/z values of 131 and 651, respec- 
tively (see Figure Za). These ions are labeled as 
[HOSiH]H+ and [AOSIOS20H]H+ and are con- 
fumed by exact mass measurements as shown in 
Table 1. In the designation scheme of Domon and 
Costello [9], these ions correspond to the B, and Y, 
fragments, respectively. 
The tentative structural assignments of the frag- 
ment ions observed in the FAB mass spectrum of 
digoxin using the Light/Kassel/Allison scheme are 
presented in Table 1, in addition to the designations 
based on the Damon/Costello nomenclature. Peak 
matching results, and the relative errors between the 
proposed structure exact mass calculations and the 
experimentally determined exact mass, are also given 
in Table 1. All uncertainties are within 2 mmu and 
thus adequately support the elemental compositions 
of these fragment ions as listed. There is more than 
one way that the fragment ions can be labeled using 
the Light/Kassel/Allison designation scheme. For ex- 
ample, the ion labeled [HO’SI,~]H’ could also be 
labeled [HOSZ]; both designations have the same 
chemical formula but carry different implications in 
terms of the process by which the ion is actually 
formed (as will be discussed below). The structural 
assignments given in Table 1 for the fragment ions 
observed provide a starting point for discussing frag- 
mentation pathways and may, of course, be altered as 
mechanistic information is obtained. Similar to the 
terminal glycosidic bond cleavage that leads to the ion 
at m/z 651, fragmentation occurs about the other two 
glycosidic bonds of digoxin followed by H-shifts to 
produce Y ions at m/z 521, [AOS,OH]H+, and m/z 
391, [AOH]H+. The ion at m/z 391 may also be 
[HOS,OS,OS; H]H+. These assignments for the frag- 
ment ions based on the low resolution FAB mass 
spectral data are confirmed by peak matching results, 
as presented in Table 1. The two assignments for the 
ion current at m/z 391 will be discussed below. 
Another type of ion formed in this experiment is 
represented by the ion at m/z 633. This ion could be 
formed by cleavage of the z bond instead of the y bond 
in the terminal glycosidic bond, as designated in (I) to 
458 LIGHT AND ALLISON J Am Sot Mass Spectmn 1990,1,455-472 
243 
651 [MY++ 
337 
a ,;I.,, _. ._ ,_ 
355 
373 tx5.0 
l 
III 
200 400 600 600 
m/z 
! 
s 
5 60- s. 113 
97 131 
y 40- 
F 
a i .. 1. , . 
20- 
100' 781 
PflH’ 
243 
80- 
I 
391 521 
W  
100 200 300 400 500 600 700 
m/z 
Figure 2. (a) The FAB mass spectrom of digoxin in glycerol. The glycerol adduct ions are labeled 
as *. (b) The linked scan CAD spectrum of the digoxin parent ion [M]H+ at m/z 781. 
800 
produce a Z2 ion [9]. In this case the glycosidic oxy- 147 and 633 u. An H-shift toward the glycosidic oxygen 
gen remains with the nonreducing terminal sugar. This would produce two neutral species of masses 148 and 
creavage would produce two fragments with masses of 632 u, respectively. Only one of these species is ob- 
served, in a protonated form, at m/z 633, which may 
suggest that this ion is formed by loss of Hz0 from 
\bVQ\ 
the ion at m/z 651 instead of involving an uncommon 
cleavage about the z glycosidic bond [lO]. (The two 
C-O bonds in glycosidic linkages are chemically dis- 
tinct; they tend to fragment more readily at the nonre- 
(11 
ducing end of the bond for typical glycosides, such as 
is seen for the cardiac glycosides upon acid catalyzed 
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Table 1. Digoxin fragment ions: possible assignments and peak matching results 
m/z Assignment LKAa designation DCb designation AmmuC 
781 
651 
633 
521 
503 
391 
373 
355 
337 
243 
131 
113 
97 
[AOS,0SZOS30HlH+; IMlH 
[AOS,OS20HlH+ 
[AOS,O&OH-HzOlH+ 
[AOS,OHlH+ 
[AOS,OH-H,OIH+ 
[AOHIH+ 
[HO&O&OS ,?H b 
[AOH - HsOlH+ 
tHOS30SzOS;H-H,01H+ 
[AOH-2H,OlH+ 
[HOS30S20S~H-2H~01H+ 
[AOH - 3H>OlH + 
tHOS30S~OS;“-3HzOlH+ 
IHOS,OS;H-H,OIH+ 
[HOS;“lH+ 
tHOS,H-H20JH+ 
IS - HzOlH+ 
[M+HI+ -0.2 
y2 + 1.0 
Z2 -0.7 
Yl -0.2 
& +1.6 
yo - 1.6 
03 0.0 
ZO -1.0 
B3- H,O - 0.6 
&- H>O -1.5 
Bs- 2HzO a 
ZO- 2H20 -1.0 
Bsp 3H20 +0.9 
B2- Hz0 + 2.2 
61 - 0.6 
B, H20 - 0.2 
? +0.3 
+ 
1 Light/Kassel/Allisoo scheme presented in ref 5. 
b Damon/Costello scheme presented in ref 9. 
c Ammu = measured mass-calculated mass. 
d Percent contributions of each component based on normalized peak heights averaged for three high resolution 
scans. These indicate that major contributions to ion currents in the m/z 337-391 region are aglycone-containing 
fragments. 
* Ion intensity is too low for accurate peak match; see text. 
hydrolysis. See, for example, ref 10.) This presents a 
question as to how to designate the ion at m/z 633 un- 
til the mechanism is determined. It could be labeled 
as [AOSIOS2-H]H+ or [AOSIOS20HPH,0]HC. The 
fist designation suggests its formation via a one step 
process; by cleavage of the z bond, whereas the sec- 
ond notation carries no implication concerning the site 
of Hz0 loss, but does connote a two-step process. Ob- 
viously, information on the fragmentation pathway is 
required to determine which of these two designations 
is most appropriate. However, most fragment ions ob- 
served in the spectra of glycosides appear to be formed 
by cleavage of the y glycosidic bond with retention of 
the glycosidic oxygen on the reducing portion of the 
molecule (containing the aglycone), accompanied by an 
H-shift toward this glycosidic oxygen [9], If this cleav- 
age (to produce Y ions) is most prevalent for digoxin, 
then the ion at m/z 633 is most probably formed by 
the loss of Hz0 from either the aglycone or one of the 
sugars in the ion observed at WI fz 651. 
The final type of ions is in the 300 u range that 
begins with m/z 391, with a series of ions 18 u lower, 
at m/z 373, 355, and 337, which do not simply corre- 
late with primary fragments of the molecule (as in the 
discussion above), and must be the result of multiple 
dehydration steps. The ion at m/z 391 has two possi- 
ble identities due to the nearly symmetric nature of 
this molecule (in terms of mass). Cleavage of the 
AO-S, glycosidic bond in the neutral digoxin molecule 
followed by an H-shift toward the aglycone would 
produce two neutral species, each with a mass of 390, 
both of which could appear in the mass spectrum in 
the protonated form at m/z 391. Peak matching re- 
sults are vital for this group of ions that can each have 
two possible origins. Without knowing the exact com- 
position of this mass spectral peak with a nominal 
mass of 391, it would be impossible to discuss the 
fragmentation mechanism(s) involved. The exact 
masses of the aglycone structure and sugar portion 
differ by approximately 50 mmu, and thus peak 
matching and/or high resolution scanning can be used 
to determine the contribution to each peak from the 
aglycone portion and the contribution from the sugar 
portion of the molecule. Peak matching results are 
presented in Table 1 and the deviations of experimen- 
tally obtained exact masses from calculated exact mass 
determinations are all within 2 mmu. These results 
indicate that the ions in the 300 u range each have 
two components, one from each end of the molecule. 
The contribution to the peak at m/z 355 from the 
sugar portion could be detected, but that signal is too 
weak to allow an accurate mass measurement. The 
relative contributions, from the aglycone portion and 
the sugar portion of the molecule, within these dou- 
blet peaks, do vary throughout the series of 300 u- 
range ions. High resolution scanning is used to deter- 
mine the relative contributions of each component to 
the ion current of each nominal mass. The results of 
three experiments of high resolution scanning for the 
ions at m/z 391, m jz 373, m/z 355, and m/z 337 were 
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Table 2. Relative intensity data from the CAD mass spectra of digoxin fragment ions 
Parent ions (nominal mass)’ 
781 I351 633 521 503 391 373 355 337 243 131 113 
Daughter ions 
(nominal mass) 
763 3.9 
651 28.9 
633 1.9 
615 
521 2.4 
503 1.8 
485 0.8 
467 
391 2.2 
373 1.9 
355 0.9 
337 0.7 
319 
279 
261 1 .o 
243 5.4 
225 
149 
131 1.5 
113 1.9 
97 1.6 
95 0.7 
85 
83 
69 
2.8 
0.6 
6.8 
1.4 
1.6 
0.4 
3.3 
2.3 
1.3 
0.5 
3.1 
1.5 
1.4 
0.8 
4.3 
23.7 
12.2 
2.8 
5.1 
2.9 
2.0 
9.4 
1.3 
2.0 
2.4 
1.2 
5.3 
2.4 
0.7 
4.4 
5.4 
3.5 
1.0 
7.8 
2.6 
31.2 
6.9 
6.0 
1.7 
1.8 1.2 
1.2 2.3 
6.0 
5.9 19.3 
0.8 5.8 
0.6 
0.6 0.4 
0.6 1.3 
0.2 0.4 
0.2 
0.3 0.4 
0.3 0.4 
0.3 10.5 
0.2 
23.6 
0.6 2.2 
0.5 
0.6 1 .o 
0.5 1.0 
0.9 
0.7 
0.3 4.9 
0.3 9.3 0.1 
2.0 
0.4 
0.1 0.2 
0.6 0.5 
z 59 28 69 26 60 18 39 26 3 12 6 3 
“Parent ions are the [MJH+ and the fragment ions observed in the FAB mass spectrum of digoxin. 
averaged and the percent contribution of each compo- 
nent is presented in Table 1. These ratios vary some- 
what with experimental conditions, such as ion source 
pressure, which may suggest that some fragmentation 
occurs as CAD within the ion source. In most cases, 
the contribution to each doublet peak is greater from 
the agIycone portion of the molecule than from the 
sugar portion. The peak at m/z 373 contains the 
largest contribution to the ion current from the sugar 
portion of the molecule than any of the other 300 
u-range ions. 
One case where low resolution mass spectrometry 
and peak matching capabilities are insufficient to sug- 
gest, unambiguously, a relationship between the m/z 
value of a fragment ion and some substructural feature 
of the original molecule is the ion at m jz 243. Based 
on the nominal mass assignments and peak matching, 
it is determined that this ion is from the sugar por- 
tion of the molecule but could have one of two assign- 
ments: [HOSsOSz-“-H20]H+ or [H-S20S1-H]H+ _ 
This ion also appears as a daughter ion from CAD 
analyses of ail of the fragment ions that contain at 
least two sugars. In an attempt to differentiate between 
these two assignments, the FAB spectrum of a similar 
compound was obtained. Acetyldigitoxin (structure F, 
Figure 1) was chosen for study because of its simifar- 
ity to digoxin with two exceptions: the a&cone con- 
tains one less OH group (iike digitoxin) and, more im- 
portant, the terminal sugar contains an acetyl group. 
The ion observed at m jz 243 in the FAB mass spec- 
trum of digoxin does shift to m/z 285 for acetyIdig- 
itoxin and suggests that this ion contains the termi- 
nal sugar where the ace@ group is located. There- 
fore, we will assume that the assignment for m/z 243, 
[HOS30S2-“-HzO]H+, is correct and is included in 
Table 1. 
Linked scan mass spectml data on ions formed from digoxin 
in the fast atom bombardment mass spectrum. In addi- 
tion to the peak matching information, the linked 
scan CAD mass spectra of the parent ion [M]H+ and 
the major fragment ions of digoxin were obtained to 
provide additional information that may aid in the 
elucidation of fragmentation mechanisms. The results 
from these CAD experiments are presented in Table 
2. 
One difficulty with the B/E linked scan technique 
performed on a forward geometry double-focusing 
mass spectrometer is that the resolution of the parent 
ion selection is low [ll]. In practice, the acceptance 
window for the parent ion selection is approximately 
5 u wide. Therefore, the CAD spectra of the doublet 
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Figure 3. The linked scan CAD 
T are glycerol interferer& that are present due to the glycerol cluster ion 6 u from the 
parent ion at m/z 651 (see text). 
ions, such as those at m/z 373, will contain a mixture 
of daughter ions from both of the isomass species. 
Also, this wide parent ion selection window can lead 
to artifact peaks from glycerol cluster ions (if glycerol 
is the matrix) when the m/z value of the desired 
parent ion is within approximately 5 u of a glycerol 
cIuster ion. 
The CAD mass spectrum of the [M]H+ ion is 
presented in Figure 2b and that for the fragment ion 
at m/z 651 is shown in Figure 3 as an example of the 
linked scan spectra obtained for the major fragment 
ions of digoxin. The two spectra in Figures 2b and 3 
are very similar in appearance and content even 
though the two parent ions differ by one sugar. To 
obtain these linked scan data, the helium collision gas 
pressure was set to produce a 10% attenuation of the 
[M]H’ ion and was maintained at this same pressure 
to obtain the CAD linked scan spectra of the major 
fragment ions of digoxin. The results of these CAD 
experiments, the daughter ion m/z values and rela- 
tive abundances, for all of the major fragment ions of 
digoxin are listed in Table 2. These relative abun- 
dances are from the normalization of the fragment ion 
currents to that of the parent ion. Therefore, the 
absence or presence of the daughter ions and their 
relative abundances can be compared within each B/E 
linked scan, but the abundances between linked scans 
for different parent ions should not be compared 
directly. The last row in Table 2 contains the sum of 
the relative abundances of all tiagment ions produced 
from each selected parent ion (the sum of the columns) 
and gives some measure of the relative extent of 
fragmentation that occurs upon CAD of each species. 
One ion not listed in this table is that at m/z 175. This 
fragment ion is not observed as a daughter ion in the 
majority of the linked scan spectra collected. This ion 
is believed to originate from a ring fragmentation of 
the middle sugar, referred to as an A 3 cleavage, using 
the DomonjCostello nomenclature. According to 
Domon and Costello 191, this ring cleavage is not 
common in the FAB analysis of saccharide-containing 
compounds in the positive ion mode. This ion at m/z 
175 is the only ring cleavage product observed in 
these studies. 
Discussion 
Before evaluating the data in search of clues to the 
fragmentation mechanisms that may be operative for 
protonated digoxin, a discussion of some of the likely 
mechanistic possibilities will be presented. When con- 
sidering mechanisms, one can certainly benefit from 
the approach used by McLafferty [l] in the context of 
fragment ions formed by EL One should first consider 
the description of the ionized molecule (where are the 
charge/radical sites?), then propose possible fragmen- 
tations based on established mechanisms and chem- 
ical intuition. In the case of a protonated molecule, 
an even electron ion, the literature on chemical ion- 
ization (CI) mass spectrometry [12] certainly provides 
a useful framework. Thus, we first ask the question 
concerning the nature of the protonated molecule pro- 
duced by FAB. Where is it protonated [13]? (We note 
that much work has been done to investigate the site 
of protonation4n molecules that contain more than one 
basic site. See, for example, ref 13.) It is difficult to an- 
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Fieure 4. Extended structure of diaoxin based on crystallographic data with possible sites of 
&&nation labeled n through 1. - 
swer this question for many reasons. We do not know 
how the molecule is protonated. It presumably occurs 
by gas phase proton transfer [3] from protonated glyc- 
erol and/or some fragment ion derived from glycerol 
such as M/Z 45. It is probable that protonation of any 
of the heteroatoms in the molecule could occur be- 
cause the proton transfer is probably from an oxygen- 
containing Lewis base to one of the oxygen atoms in 
the cardiac glycoside. There are many different types 
of sites on the digoxin molecule with different proton 
affinities. An extended structure of digoxin, based on 
the crystallographic analysis of the molecule [14], is 
presented in Figure 4 with possible protonation sites 
indicated. We have estimated the proton affinities of 
these sites, labeled a through 1 in Figure 4, and these 
values are presented in Figure 5. The proton affini- 
ties of the different sites on digoxin are approximated 
based on smaller compounds, resembling these sites, 
whose proton affinities are known [15]. In those cases 
where there are multiple interactions, estimates for the 
increase in proton affinity (PA) due to secondary in- 
teractions have been made and are discussed in Ap- 
pendix 1. Based on the estimates in Figure 5, it ap- 
pears that many of the possible sites of protonation 
of the digoxin molecule lie in the PA range of 190-200 
kcallmol. Also shown in Figure 5 are possible protonat- 
ing species derived from glycerol. Candidates as pro- 
tonating reagent ions are selected based on the FAB 
mass spectrum of glycerol reported by Sunner et al. 
[3], which includes the protonated glycerol molecule 
and lower mass glycerol fragments. Note that all of the 
glycerol fragments have proton affinities lower than 
that of glycerol, 209 kcallmol [3]. If the PA values in 
Figure 5 are correct, proton transfer from protonated 
glycerol to most of the labeled sites of digoxin would 
be endothermic, however, proton transfer from the 
fragment ions of glycerol is possible. The most basic 
sites in the molecule appear to be the glycosidic link- 
ages, which are further enhanced by additional inter- 
actions. It has been shown that protonated molecules 
containing two functional groups can show intramolec- 
ular hydrogen bonding, even when the two groups 
are separated by many methylene groups. Frequently, 
lo-20 kcallmol can be introduced by such secondary 
interactions [Xl. We propose that the site of highest 
210' 
200. 
3 190. 
E : 8 180. 
e 
2 
170' 
160. 
150. 
wi+ .--- . .. . . . -.-- 
H,O+ 
ti- 
a 
Ions formed by 
FAB of glycerol 
Possible protonation 
sites in digoxin 
Figure 5. Estimates of the proton afhnities of the basic sites 
labeled on the digoxin structure in the figure and estimates of 
the proton affinities of possible protonating agents Tom glycerol 
and glycerol fragments. 
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PA is the terminal sugar unit. The basic site formed by 
the two -OH groups plus the -OR group, all three 
being on the same side of the ring, resembles the inter- 
actions described by Winkler and McLafferty [17] for 
a protonated cyclohexanetriol. In digoxin (solid), the 
ring oxygen of sugar 2 is in close proximity to the OH 
group in the 3 position on sugar 1, making site h a 
possible site for a multiple interaction. Our conclusion 
is that any part of the molecule may be protonated in 
the FAB experiment with a glycerol matrix, although 
not necessarily by the most abundant of the possible 
candidates from glycerol, [glycerol]H+ . 
How, then, should we consider the protonated 
molecule in the context of the fragmentation that will 
follow protonation? In this regard, two extremes 
have been discussed in the literature. In the simplest 
approach, the molecule is protonated and fragmenta- 
tion follows directly, occurring at that protonation site 
[18]. For example, it has been proposed that proto- 
nated bradykinin, formed by field desorption, frag- 
ments at the site of protonation and the proton does 
not migrate freely about the molecule [19]. The other 
extreme is a dynawc model that suggests that the 
initial site of protonation would be, in this case, irrele- 
vant-the proton rapidly moves from heteroatom to 
heteroatom, with the possibility of fragmentation oc- 
curring at every site while the proton resides at that 
site [20]. We believe that the latter is more likely in 
this case, and will assume that our starting point will 
be a protonated molecule that has a mobile proton. 
What possible fragmentation mechanisms may be 
operative for this even electron ion? Mechanisms that 
have been proposed include inductive cleavage pro- 
cesses, fragmentation involving multiple bond cleav- 
ages (1,2-elimination reactions and ring cleavage pro- 
cesses), and remote site fragmentations. 
Inductive Cleavage 
Domon and Costello [9] have proposed a scheme for 
naming fragment ions from carbohydrates, and the 
process that they have proposed leading to what they 
call Bi ions is shown in reaction 1 for two digitoxose 
sugars. 
(1) 
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Inductive effects lead to cleavage of the glycosidic 
bond at the site of protonation in @I), forming the 
charge migration product (III). It has certainly been 
documented that inductive processes involving oxy- 
gen do readily occur [l], and such a mechanism is 
reasonable for this even-electron ion (II). 
(2) 
HO 
3 
,o‘ e;(i, OR 
OH H 
(IV) 
Multiple Bond Cleavage Processes 
We will not discuss ring cleavage reactions because 
only one has, possibly, been observed in this study 
(at m/z 175). However, it is apparent that H-shifts do 
occur, and accompany glycosidic C-O cleavages. For 
example, reaction 2 has been proposed by Domon 
and Costello [9] to yield Yi ions, of the type (IV). The 
mechanism suggests a 1,Zelimination to leave a double 
bond in the neutral sugar fragment, although H shifts 
from other sites within the molecule cannot be ruled 
out 1211. (H-shifts in peptides as 1,Zeliminations have 
been proposed in refs 19 and 21a. H-shifts in peptides 
as 1,3-eliminations have been proposed in ref 21b. H- 
shifts via 7 and &membered rings have been discussed 
in ref 21c.) Thus, the fragment ions (III) and (IV) are 
proposed to come from a common intermediate, (II), 
via two different mechanisms. It is also possible that 
the fragment ions (III) and (IV) are formed through an- 
other common intermediate and a single mechanistic 
step. This is shown in reaction 3. The starting point is 
an ion of the type (II), protonated on a glycosidic oxy- 
gen. The charge site stimulates a 1,2-elimination reac- 
tion to form the proton-bound adduct shown as (V), 
which can then dissociate to form either (VI) and/or 
(VII), depending on which fragment retains the pro- 
ton. (This mechanism is similar to that suggested by 
Stevenson’s rule [l] in EI, in which separating frag- 
ments compete for the charge; here the competition is 
for the proton. This protic analogy to Stevenson’s rule 
has not been established to date, although it has been 
alluded to by Bowen et al [22].) Thus, the ions of that 
type labeled (III) and (VI) are the same, except that 
(VI) is formed via an H-shift. It is difficult to decide 
on a designation for such ions. In our nomenclature 
scheme, the two different mechanisms would suggest 
that an ion such as that shown as (VI) could be labeled 
as HOS30S2+ or [HOS30S2-H]H+, and we have ten- 
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HOS3 -0 $0-A 
OH H 
(11) 
I 
HOSj-0 
OH 
I 
(VI 
i-S,- O-A 
H053-0 
Or H;v,,, 
(3) 
tatively chosen the latter. It is also interesting to note 
that while Domon and Costello [9] have proposed reac- 
tion 2, they write the product not as (IV) but as (VIII), 
in which the proton in this fragment ion has moved 
from its initial site on the terminal hydroxy group in 
(IV) to another glycosidic linkage; presumably this was 
done to suggest that the proton is mobile following 
protonation. 
(VIII) 
Remote Site Fragmentation 
Jensen et al. 1231, Adams 1241, and Wysocki et al. [25] 
discussed the remote site mechanism in ions for which 
the charge and/or radical site are apparently far from 
the site of fragmentation. Such mechanisms certainly 
seem reasonable when a C-C bond is broken in a 
long alkyl chain of an ion containing a single func- 
tional group, and dficult to prove for multifunctional 
molecules. This mechanism would suggest that proto- 
nation can occur at any part of the molecule, and 
fragmentation need not be local to the site of protona- 
tion. Vine et al. [26] discussed the possibility of re- 
mote site fragmentation occurring in the ammonia CI 
mass spectra of cardiac glycosides. They suggest that 
the ammonium ion may complex with the aglycone 
portion of the molecule and 1,2-eliminations about the 
glycosidic linkage may occur far from this site, as 
HOS 3 -0-S 2 -0 0-A.NH,+ 
I 
.!+ 
HOS3-O-S2-0 
> / + 
H-OO-A-NHf 
(4) 
shown in reaction 4. It is interesting to note that in a 
recent article on the mass spectrometry of peptides by 
Johnson et al. [21a], it was proposed that much of the 
fragmentation observed for peptides may occur via 
remote site processes. 
Adams and Gross [27] have discussed the analogy 
of remote site fragmentations to thermolytic pro- 
cesses. Energy is imparted into the molecular ion, 
which fragments as it would if energy were added to 
the corresponding neutral molecule. In this context, 
we have reported the K+lDS mass spectrometric anal- 
ysis of cardiac glycosides [&I_ K+IDS, K+ ionization of 
desorbed species, is a technique that combines rapid 
thermal processes, thermal degradation, and vapor- 
ization, with gas phase Kf attachment. We note that 
when digoxin is rapidly heated, 1,Zeliminations ap- 
pear to readily occur about the glycosidic bonds, 
yielding K+ adducts that are very similar to those 
seen here in protonated form. In K+IDS, decomposi- 
tion occurs before K+ attachment (Kf attachment 
does not induce much fragmentation), while in FAB 
protonation presumably precedes decomposition and 
often induces fragmentation. Even with these differ- 
ences in fragmentation processes, preceding ioniza- 
tion in K+IDS and following ionization in FAB, most 
of the same fragmentation processes are observed in 
both mass spectra. The correlation between the FAB 
and K+lDS spectra could be fortuitous, but may sup- 
port remote site processes that are not initiated by the 
charge site but rather by energy deposition in general. 
Mechanistic discussions of FAB presented here are 
based on the assumption that protonation of the intact 
molecule precedes fragmentation, However, it is pos- 
sible that direct fragment ion formation from the ma- 
trix upon bombardment can occur. Many of the frag- 
ment ions of digoxin contain the aglycone. However, 
there are some ions in the low mass range that are 
from the sugar portion of the molecule. Two such ions 
are at m/z 113 and 131 from the terminal sugar (Ta- 
ble 1) and are the most abundant fragment ions in the 
FAB mass spectrum (Figure 2a) of the digoxin sam- 
ple. Additional experiments were performed to inves- 
tigate the origin of these two abundant low mass ions. 
The FAB mass spectra of digoxin in glycerol were col- 
lected and monitored for a period of thirty minutes. 
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During this time the ions at m/z 113 and m/z 131 re- 
mained dominant, even when only a trace of glycerol 
remained and the [M]H+ ion of digoxin was no longer 
observed. These two low mass ions seem to be formed, 
at least to some extent, in a different manner than the 
NH+ ion. It is possible, based on the observations 
of this extended FAB experiment, that these two low 
mass sugar ions may be formed directly from the liq- 
uid target upon bombardment and are not only the 
result of fragmentation of the [M]H+ ion. If this is 
the case, then the decomposition of the [M]H+ ion 
of digoxin produces predominantly daughter ions that 
contain the aglycone. The ions from the sugar portion 
that do not contain the aglycone may be formed by 
other ionization/fragmentation processes. 
The-mechanisms discussed here must be evaluated 
with experimental data in order to determine the most 
probable fragmentation pathways. We now turn to 
the peak matching and linked scan data to determine 
whether these results support any of the mechanisms 
discussed, or suggest others. 
Discussion of Collisionally Activated Dissociation 
Data 
Analysis of the CAD data should provide some in- 
sights into the fragment ion structures and, from 
these, insights into the mechanisms through which 
they are formed. The mechanisms proposed above 
that are based on a localized site of protonation in the 
molecule, leading to fragmentation at the site of proto- 
nation, would be substantiated by a CAD mass spec- 
trum of a fragment ion with very few daughter ions 
produced. If the site of protonation is also the site of 
fragmentation and the charge site does not migrate, 
then the primary fragment [with a structure such as 
(IV)] might be expected to only undergo Hz0 losses 
with no extensive fragmentation upon CAD. Other 
types of fragmentation mechanisms, where the charge 
is mobile throughout the molecule or is localized fol- 
lowed by remote fragmentation, may produce more ex- 
tensive fragmentation of the parent species upon CAD. 
Substructure-specific daughter ions may be formed, 
and this concept will be used here. Suppose an ion 
is observed 18 u below another fragment ion due to a 
water loss, for example, the ion at m/z 633, 18 u below 
the major fragment ion at m/z 651. From where was 
the water lost? The ion at m /z 651, [AOSl O’&OH]H * , 
could eliminate water from the terminal sugar (S,), the 
interior sugar (S1), or from the aglycone (A). If there 
is a daughter ion present in the CAD mass spectrum 
of m/z 633 that represents the loss of an intact sugar, 
a neutral loss of 130, [HO!?kPH], then the water elim- 
ination cannot be from the terminal sugar. However, 
if a neutral loss of 112, [HOS2-H-H20], is observed 
in the absence of a 130 loss, this would suggest that 
the terminal sugar in m/z 651 was the site of H2 0 loss. 
This neutral loss prediction is shown in Figure 6 and is 
m/z 633 
m/r 633 
KHz0 OSIOS,OHIH’ 
IAOS,OS;“]H’ 
[AOSiH” O&OHIH+ I 
1 C.40 
IA-“” OS,OHlH+ + [-HSIOHI 
[AOS,OHlH+ + I’HSx? 
[AOSi”” OHlH+ + I-“S,OHl 
Fiv 6. Schematic diagram of the H,O losses from m/z 651 
that can occur to produce the ion at m/z 633. Neutral losses 
observed from the CAD of m/z 633 can help determine the 
structure of the ions at m/t 633. 
explained in more detail in the discussion of the CAD 
results for the ion at m/z 633. In a similar fashion, one 
could search for ions indicative of the intact aglycone, 
which would indicate that the Hz0 loss is not from 
that portion of the selected parent ion. These types 
of observations and conclusions are presented here for 
the CAD data obtained for the fragment ions formed 
in the FAB analysis of digoxin. 
Collisionally activated dissociation of ml. 781. The dis- 
cussion of the data begins with the [M]H+ ion of 
digoxin at m/z 781. The daughter ions of the proto- 
nated molecule are very similar to those observed in 
the FAB mass spectrum of digoxin except for some rel- 
ative abundance variations of the fragment ions. The 
same fragment ions appear in both the FAB mass spec- 
trum of digoxin (Figure 2a) and the CAD mass spec- 
trum of the protonated molecule (Figure 2b). This ob- 
servation is consistent with the desorption ionization 
mechanism that is assumed to be operative here, that 
is, the fragment ions observed in the FAB spectrum of 
this neutral analyte are from unimolecular decompo- 
sition of the protonated, intact, molecule as opposed 
to being fragments that are emerging directly from the 
target upon FAB. There are some differences between 
these two spectra, notably that the FAB mass spectrum 
shows a more abundant [M-HzO]H+ ion than the B/E 
mass spectrum. Also, the dominant ions from the FAB 
analysis of digoxin are at m/z 113 and m jz 131 and are 
less abundant in the linked scan mass spectrum of the 
[M]H+ ion. An explanation is suggested from the data 
in Figure 5. There exists in the selvedge region of the 
FAB experiment a collection of reagent ions available 
for proton transfer in the m/z range 19-93. Of these, 
the most abundant is protonated glycerol at m/z 93, 
which may only be able to protonate the most basic 
site (I), on the terminal sugar, leading to prompt for- 
mation of m/z 131 and m/z 113, and a large abundance 
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of these ions. The lower mass reagent ions protonate 
other parts of the digoxjn molecule, and many of these 
[M]H+ ions are sufficiently long lived to be observed 
in the FAB mass spectrum at m/z 781. These latter ions 
are the ones chosen for CAD analysis. 
Co~lisionally activated dissociation of m/z 651. A major 
fragment ion of digoxin is observed at m/z 651 in 
the FAB mass spectrum. It is also the most abundant 
daughter ion of [M]H+ , as shown in Figure 2b. From 
the peak matching results it is proposed that the struc- 
ture of this ion corresponds to a protonated cardiac 
glycoside containing only two sugars (see Table 1). The 
daughter spectrum of m/z 651, shown in Figure 3, 
closely resembles that of the [M]H+ species of digoxin, 
shown in Figure Zb. If the mechanism of fragmenta- 
tion to produce the ion at m/z 651 were charge initi- 
ated as shown in reaction 2, then the CAD mass spec- 
trum of m/z 651 should be very simple with daugh- 
ter ions at m/z [651-181. Instead, the CAD mass spec- 
trum closely resembles that of the [M]H+ ion and is 
what would be expected for a CAD mass spectrum of 
a protonated cardiac glycoside containing two sugars, 
[AOSIO&OH]H+. If the mechanism of reaction 2 is 
operative, the proton must be mobile and not local- 
ized in the product. This requirement of proton mo- 
bility to explain the extensive subsequent fragmenta- 
tion of primary fragments undergoing CAD was pre- 
sumably recognized by Domon and Costello [9] when 
they chose the specific designation shown as structure 
(VIII), with the proton moving within the ion following 
fragmentation. The neutral loss of 130 from the parent 
ion at m/z 651 yielding m/z 521 further supports the 
structural assignment of m/z 651, as this requires that 
the terminal sugar must be intact, without any Hz0 
losses. One fragment ion of m/z 651, at m/z 467, is 
not observed in the linked scan mass spectrum of the 
[M]H+ ion. A possible explanation for the presence of 
this daughter ion in the CAD mass spectrum of m/z 
651 is as follows. Both parent species at m/z 781 and 
m/z 651 can form the daughter ion at m/z 521, which is 
[AOSIOH]H+. In the CAD of m/z 781, the fragment 
at m/z 521 loses one and two HzOs to yield ions at 
m/z 503 and m/z 485. In the B/E spectrum of m/z 651, 
the fragment at m/z 521 is formed to a greater extent, 
and therefore may allow for the observation of up to 
three H,O losses, at m/z 503, m/z 485, and m jz 467. 
The sugar component of m/z 521 can only lose two 
of these water molecules as there are only two -OH 
groups on the sugar, and likewise for the aglycone 
portion, which has only two -OH groups. Therefore, 
these multiple Hz0 eliminations from m/z 521 must 
occur throughout the [AOS,OH]H+ ion and not from 
one isolated part. The similarities of the CAD results 
for m/z 651 and m/z 781 would be consistent with a 
remote site mechanism in which the site of protona- 
tion is either the aglycone or is mobile and does not 
directly induce the fragmentations observed. 
Collisionally activated dissociation of m/z 633. Another 
fragment ion of interest is observed at m/z 633 and 
could have several origins. First, this ion could be a 
primary fragment following protonation produced by 
cleavage of the z glycosidic C-O bond on the termi- 
nal sugar to produce what Domon and Costello [9] 
refer to as the 22 ion. This ion at m/z 633 could also 
be a secondary fragment, as suggested by the abun- 
dance ratio of m/z 651 to m/z 633 in the FAB mass 
spectrum and in the CAD daughter ion spectra of m/z 
651. If m/z 633 is produced by a loss of Hz0 from m/z 
651, the Hz0 could be from either of the two sugars 
retained in the ion, or from the aglycone. If the ion 
at m/z 651, [AOSIOsOH]H+, loses a water molecule 
from the terminal S2 sugar, then a daughter ion corre- 
sponding to the neutral loss of 130, due to loss of an 
intact sugar molecule, shouId not be observed in the 
BIE mass spectrum of m/z 633. Instead, a daughter 
ion corresponding to the neutral loss of 112 should be 
observed, as discussed in Figure 6. Both of these neu- 
tral losses are observed yielding daughter ions at m/z 
503 and m/z 521. Therefore, at least some of the water 
loss is from the terminal sugar, as evidenced by the 
large abundance at m/z 521 (which requires an intact 
aglycone and internal sugar). It is also possible that 
some of the [AOS1- HzOOSzOH]H+ species is present 
as this would fragment upon CAD to produce daugh- 
ter ions at m/z 243 (from the two sugars), m/z 391 
(from the intact aglycone), and m/z 503 (from the loss 
of the terminal Sz sugar), all of which are observed in 
the CAD spectrum of m/z 633. The third possible iden- 
tity of m/z 633 is [A- Hz”OS10S20H]H+. This species 
should (and does) fragment upon CAD to produce m/z 
373 (from the dehydrated aglycone) and m/z 503 (from 
the y glycosidic cleavage). This species could also form 
m jz 243 in the same manner that m/z 781 does, as the 
two sugars from this species resemble the sugar por- 
tion of the ion at m/z 781. Therefore, Hz0 losses are 
not specific as they do not come from any one sub- 
structural group. There are no daughter ions, present 
or absent, that can be used to make definitive struc- 
tural assignments for the species at m/z 633. 
Collisionally activated dissociation of m/z 521. The frag- 
ment ion observed at m/z 521 is also a prominent 
daughter ion of protonated digoxin and is identified 
as being structurally equivalent to a protonated cardiac 
glycoside containing only one sugar (see Table 1). The 
daughter ion mass spectrum of m/z 521 shows that 
substantial further fragmentation occurs. Again, the 
CAD results are consistent with a remote-site mech- 
anism and/or a mobile proton. The parent ion at m fz 
521 does not yield a daughter ion at m/z 243, which 
is present in the CAD spectra of the ions at m/z 781, 
m/z 651, and m/z 633. This ion at m/z 243 is indicative 
of the presence of two sugars, as noted in Table 1, and 
therefore is not expected as a daughter ion of m/z 521, 
which contains only one sugar. This is consistent with, 
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and further supports, the assignments suggested by 
the peak matching results. The CAD of m/z 521 shows 
cleavage of the AO-S1 bond to produce the daugh- 
ter ion at m/z 391, which is also observed in the FAB 
mass spectrum, and is given the assignment [AOH]H+ 
based on peak matching results. Also observed are the 
subsequent eliminations of three HZ0 molecules from 
the species at m/z 391. These water losses must be 
coming from the two -OH groups on the aglycone and 
the -OH group formed upon fragmentation (from the 
glycosidic oxygen with the H-shift). Though the rela- 
tive abundances are slightly different, this same series 
of ions, m/r 391, 373, 355, and 337, is present in the 
CAD spectra of m/z 782, 655, and 633. These 300-400 
dalton-series fragment ions will be discussed in more 
detail shortly. 
Collisionally activated dissociation of m/z 503. The frag- 
ment ion at m/z 503 is structurally similar to the ion 
at m/z 633 in that these are both secondary fragments 
formed by a gIycosidic bond cleavage and a water loss. 
The relative abundance ratio of m/z 5211503 is similar 
to that for the m/z 6511633 pair. This ion fragments 
upon CAD to give daughter ions at m/z 391, m/z 373, 
m/z 355, and m/z 337. The m/z 503 ion also loses one 
and two waters to form daughter ions at m/z 485 and 
m/z 467. The fragment ions at m fz 391 and m/z 373 are 
from neutral losses of 112 and 130, as was observed 
for the CAD of m/z 633. Once again the ion current 
at m/z 503 is probably a mixture of species with wa- 
ter loss from the aglycone portion of m/z 521 (which 
would show a neutral loss of 130 upon CAD), water 
loss from the sugar (which would show a neutral loss 
of 112), and possibly some primary fragment from m/z 
781 (cleavage at the z glycosidic bond). The abundant 
daughter ion at m/z 391, which corresponds to a neu- 
tral loss of 112, suggests that a large percentage of m/z 
503 contains a sugar that is monodehydrated and that 
this species readily fragments at the glycosidic bond to 
produce the protonated aglycone species [AOH]H+ at 
m/z 391. 
Collisionally activated dissociation of m/z 391, m/z 373, m/z 
355, and m/z 337. There are four ions in the 300-400 
u range that have two structural assignments for each 
nominal mass, as shown in Table 1. Peak matching 
with a resolution of l/7000 or better is used to dis- 
tinguish between the two peaks with the same nom- 
inal mass but of different origin. The ion current ob- 
served at m/z 391 has two possible origins, the agly- 
cone end and the saccharide end of digoxin. Both of 
these species are capable of losing up to three Hz0 
molecules upon CAD. Thus the other three ions ob- 
served in thii mass range, at m/z 373, m jz 355, and 
m/z 337, can be, and are, formed by Hz0 losses from 
both species contributing to the ion current at m/z 391. 
The peak matching and high resolution scanning re- 
suits show that the largest contributor to the ion cur- 
rent for each of these four m/z values is from the agly- 
cone portion of the molecule. This follows with the 
previous observation that the majority of the types of 
fragment ions observed do contain the aglycone. The 
ion at m jz 373 has the strongest contribution from the 
sugar but this contribution still accounts for less than 
half of the total ion current at m/z 373 (see relative con- 
tributions in parentheses in Table 1). Unliie the other 
300 series ions, the CAD analysis of m/z 373 does show 
some fragments indicative of the sugars. The daugh- 
ter ions from sugars are observed at m/z 243, which 
represents a species containing two sugars, and at m/z 
131 and m/z 113, which are derived from one sugar of 
the molecule, as identified in Table 1. The CAD results 
for the other three ions at m/z 391, m/z 355, and m jz 
337 support the conclusion that they primarily contain 
the aglycone, since only HZ0 losses upon CAD are ob- 
served (no fragmentation of the steroid ring structure 
is observed). The relative abundances of the ions rep- 
resentative of these water losses increase as the parent 
ion becomes more unsaturated. For example, the loss 
of Hz0 from m/z 391 to form m/z 373 is not as promi- 
nent as the loss of Hz0 from the parent at m/z 373 
upon CAD to form m/z 355. This is supported by the 
data presented in Table 2. This suggests that once one 
OH group is lost in the form of H20, subsequent de- 
hydrations are more facile. It is expected, as observed, 
that dehydration of the aglycone would occur before 
demethylation or dehydrogenation. Consideration of 
the decomposition of substituted cyclohexanes can be 
used as a model to understand the energetics of Hz0 
elimination versus CH, elimination versus loss of H2 
from the aglycone structure. The dehydration of cyclo- 
hexanol to form cyclohexene requires + 10.4 kcallmole 
[28]. (Thermochemical estimates are based on data 
contained in ref 28.) In contrast, +18-l kcallmole is 
required to eliminate methane from methylcyclohex- 
anol, and +28.4 kcallmole is required to induce the 
dehydrogenation of cyclohexane. Therefore, energetic 
considerations suggest that water losses are expected 
before loss of CI& or Hz from a cyclic system such as 
the aglycone of digoxin. 
The recognition that the second Hz0 loss occurs 
more readily than the first is also observed for other 
ions, such as the pairs m/z 6511633 and m/z 521/503. 
The monodehydrated species in each pair (lower mass) 
loses another Hz0 more readily (upon CAD) than the 
nondehydrated species, as seen in Table 2. It is pos- 
sible that, once a double bond is formed (upon HZ0 
loss), the second loss is more facile. 
Collisionally activated dissociation of m/z 243. The ion at 
m/z 243 is a prominent fragment ion in both the FAB 
mass spectrum of digoxin and the linked scan mass 
spectrum of protonated digoxin. This ion is unique in 
that it is isolated from any other peaks and is not as- 
sociated with other ions 18 u higher or lower in mass. 
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Most other major fragment ions observed in the FAB 
mass spectrum have an ion 18 u below them due to 
Hz0 loss. This ion at m/z 243 is observed as a daugh- 
ter ion from m/z 781, m/z 651, m/z 633, m/z 391, and 
m/z 373. These are the only species that should be able 
to produce the fragment ion at m/z 243 by CAD if the 
assignment for this ion is correct as given in Table 1. 
The species at m/z 355 and m/z 337 have already lost 
too many HzOs to form the ion at m/z 243. The as- 
signment proposed in Table 1 for this ion at m/z 243 
is the same, minus one sugar, as that given to the ion 
at m/z 373 for the sugar portion of that doublet. These 
two ions may be formed by the game fragmentation 
mechanism that may differ from the mechanism that 
forms the ions containing the aglycone. The fact that 
the ion at m/z 243 does not lose Hz0 suggests that the 
sugars do not as readily lose HZ0 as does the aglycone. 
Further support for the proposed assignment of m/z 
243 is from the linked scan mass spectrum of this ion. 
The appearance of a daughter ion at m/z 149 proves 
that m/z 243 contains an intact terminal sugar. The ion 
at m/z 149 is from the terminal sugar with retention of 
the glycosidic oxygen, [HOSsOH]H+ . 
The most abundant daughter ion observed by the 
CAD of m/z 243 is m/z 97. It is also observed in 
the FAB mass spectrum of digoxin. The chemical for- 
mula of this ion is determined to be &H90+ by 
peak matching (Table 1). From Table 2, it can be seen 
that this daughter ion is present to a minor extent in 
many of the B/E spectra collected, but is only a sig- 
nificant daughter ion of the parent ions at m/z 373 
and m/z 243. These two species contain a partially de- 
hydrated sugar that leads to the possibility that the 
structure of m/z 97 is a completely dehydrated digi- 
toxose (sugar) unit in the protonated form, structure 
(Xl). This ion is designated as IS-HzO]H+ in Table 1. 
It is unclear whether this ion comes from the terminal 
sugar, in which case it would be labeled as [HOS3-H- 
HzQlH+, or from an internal sugar, [ +HS2-H 
-HzO]H+ or [ + HSI -H -HzO]H+ . However, structure 
(XI) is supported by the results of the CAD of m/z 97. 
This B/E mass spectrum of m/z 97 contained fragment 
ions corresponding to the loss of CH, and CO, which 
would be expected from this proposed structure, con- 
sistent with the presence of a methyl group and the 
ring oxygen atom. 
C”3 
,o‘ 
Lti- \ / - 1 H+ 
(XI) 
Figure 7. Possible mechanisms for the fragmentation of the 
parent ion at m/z 131 upon CAD to produce the ions observed 
in the linked scan (see Table 2). 
Collisionally activated dissociation of m/z 131 and m/z 113. 
The two low mass fragment ions at m/z 131 and m/z 
113 are very abundant in the FAB mass spectrum of 
digoxin and appear to be terminal sugar fragments. 
This is supported by the results of peak matching data 
presented in Table 1. The m/z 131 ion fragments upon 
CAD to give some interesting low mass ions. At the 
low collision gas pressure used for most of this study, 
the main fragment ion observed from m/z 131 is at 
m/z 113 due to loss of H,O. If the collision gas 
pressure is increased, to attenuate m/z 131 by more 
than lo%, more fragmentation results to give all the 
low mass fragments listed in Table 2 (between m/z 69 
and m/z 113). Possible mechanisms for the CAD of 
the primary ions at m/z 131 and m/z 113 to produee 
the low mass daughter ions observed in a B/E linked 
scan are outlined in Figure 7. Inductive cleavages of 
rearrangement species and 1,2-eliminations are used 
to explain the fragmentation of m/z 131 and m/z 113. 
The daughter ion at m/z 97 is of low relative abun- 
dance compared to the other daughter ions from the 
CAD of m/z 131 and m/z 113. It is possible that this 
fragment is formed by the loss of H,O, from the 
species at m/z 131 to give the structure proposed. 
However, due to the low relative abundance of this 
daughter ion and the uncertainty in the fragmentation 
pathway, m/z 97 is not included in the fragmentation 
scheme of m/z 131 and m/z 113 shown in Figure 7. 
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Relevant results from the fast atom bombardment mass 
spectra of other cardiac glycosides. The effects of small 
structural changes in the analyte molecule on the FAB 
mass spectra and the B/E linked scan mass spectra of 
the [M]H+ ions were investigated. Two cardiac gly- 
cosides, digitoxin and @toxin, were chosen for study 
because of their differences in the aglycone portion of 
the molecule from digoxin. The structures of these two 
compounds are shown in Figure 1 where digitoxin is 
structure E and gitoxin is structure G. Digitoxin has 
one less OH group on the aglycone than digoxin, and 
gitoxin has the same molecular formula but with differ- 
ent positioning of one of the OH groups on the agly- 
cone ring structure (C-12 on digoxin and C-16 on gi- 
toxin). Another compound, acetyldigitoxin (structure 
F) was chosen for its modification to the sugar por- 
tion of the compound. The aglycone of acetyldigitoxin 
is identical to that of digitoxin, but the terminal sugar 
contains an acetyl group. The FAB mass spectra and 
the B/E spectra of the [M]H+ ions of digitoxin, gitoxin, 
and acetyldigitoxin were obtained and compared with 
the corresponding spectra of digoxin in order to de- 
termine whether changes in the aglycone portion or 
the sugar portion of digoxin have more effect on the 
types and relative abundances of the fragment ions ob- 
served. The mass spectra of these related compounds 
all contained relatively the same protonated fragments 
(and parent ions) as observed for digoxin, with some of 
the m/z values shifted due to the introduced modifica- 
tions from digoxin. For example, with the compound 
digitoxin, the ions in the m/z 337 to m fz 391 range 
that were given two assignments for digoxin (from 
the aglycone end and from the sugar portion of the 
molecule for the same m/z value) were split into two 
series, separated by 16 u, due to the change in the mass 
of the aglycone portion of digitoxin. This further sup- 
ports the double assignments given to these fragment 
ions of digoxin in Table 1. The relative abundances of 
the daughter ions in the BIE linked scan mass spectra 
of the [M]H+ ions of the two compounds with agly- 
cone modifications (digitoxin and gitoxin) are different 
from digoxin. The most notable changes are that the 
[M-H20]H+ ions are more abundant in the B/E mass 
spectra of these two modified aglycone compounds 
than for digoxin. This observation is probably a result 
of the differences in locations, and hence reactivity, of 
the -OH groups on the aglycone portions of these 
compounds. The modifications to the sugar portion of 
the compound digitoxin do not produce any notice- 
able differences in the FAB mass spectrum or the B/E 
spectrum of the [M]H+ ion of acetyldigitoxin from the 
corresponding spectra of digoxin with respect to the 
protonated species observed and their relative abun- 
dances. One exception is the shit in mass of the ions 
containing the terminal sugar with the added acetyl 
group. Therefore, small changes in the aglycone por- 
tion of these cardiac glycosides result in more dramatic 
mass spectral changes than do modifications to the 
sugar portion of the molecules. The differences in the 
FAB and B/E linked scan mass spectra produced by 
slight alterations in the aglycone suggest that the agly- 
cone does play a major role in controlling the frag- 
mentation mechanism(s) and may possibly be the site 
of charge localization. A possible explanation for the 
importance of this aglycone on the mechanisms of frag- 
mentation could be related to energetics and the pro- 
ton affinities of specific sites on the aglycone. How- 
ever, there is no obvious site where the charge r&ides 
on the aglycone of digoxin. The modifications in the 
aglycone of these cardiac glycosides may affect the en- 
ergy that the [M]H+ ion contains as it fragments via 
remote site processes and therefore may affect the rel- 
ative abundances of the fragment ions observed. 
Conclusions 
The data presented from the FAB mass spectrum and 
the MS/MS analyses of all the major fragment ions of 
digoxin show that over half of the different types of 
fragment ions formed contain the aglycone portion of 
the molecule and that many different bonds are 
cleaved. The results we obtained from the FAB mass 
spectrum of digoxin can be closely compared with the 
reported NH, CI spectrum of digoxin [26]. All of the 
fragments, including those due to multiple H,O 
losses, that are observed in protonated form in the 
FAB mass spectrum are observed in the NH, CI 
spectrum as NH: adducts. This suggests that very 
similar fragmentation mechanisms are occurring with 
these two techniques and that the difference between 
protonation by glycerol and NH: adduct formation 
does not affect the fragmentation mechanism(s) sig- 
nificantly. If the fragment ions formed in the NH, CI 
experiment evolve from [M]NH:, as they appear to, 
the charge resides on the ammonium ion and not on 
some part of the digoxin molecule itself. This rules 
out reaction 1 as a possible pathway of fragmentation 
because it requires that the charge reside on the oxy- 
gen of the glycosidic bond in order to induce frag- 
mentation of this bond. Reactions 2 and 3 are possible 
fragmentation pathways for NH, CI, as well as proto- 
nation by glycerol fragment ions because the charge 
site is not required to be on the oxygen atom, as in 
reaction 1. However, further fragmentation of the 
primary fragments would be unlikely following reac- 
tion 2 because charge migration through the molecule 
is required for the formation of the secondary frag- 
mentations observed. If the charge site in the adduct 
ion formed in NH, CI is localized on the NH: ion, 
then charge migration throughout the molecule would 
not be possible. Therefore, reaction 3 wouId not pre- 
dict the production of the same fragment ions in the 
decomposition of protonated molecules and NH: 
adducts. A remote site mechanism, reaction 4, pro- 
vides the best explanation for the similarities in the 
fragmentations of digoxin observed with FAB/MS and 
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NH, CL In this case the charge site can be localized 
on the aglycone and induce fragmentation at remote 
sites throughout the molecule. As the charge is not 
directly involved in the fragmentation and no charge 
migration is required, it is expected, by reaction 4, 
that the protonated ion and NH: adduct ion would 
produce the same fragmentation products, as ob- 
served, as long as the charge can be localized on the 
aglycone in both cases. 
The data presented here from the mass spectrome- 
try and MS/MS analysis of digoxin lend further sup- 
port to the role of the remote site mechanism in the 
formation of the fragment ions observed. Reaction 1 
can explain only a limited number of the types of 
fragmentations of digoxin observed. For instance, the 
ion at m/z 131 can be easily explained via reaction 1 
by protonation of the oxygen atom of the terminal 
glycosidic bond, inducing fragmentation to produce 
the species at m/z 131. By this same mechanism, 
other fragment ions at m/z 261 and m/z 391 should 
be formed from protonation and fragmentation of the 
other two glycosidic bonds. However, the ion current 
at m/z 391 is primarily from the aglycone portion of 
the molecule (see Tables 1 and 2) and no ion is 
observed at m/z 261, in contradiction to what would 
be expected by reaction 1. Therefore, reaction 1 fails 
to provide a consistent explanation of the fragmenta- 
tion pathways for the decomposition of digoxin and is 
only a .possible mechanism for the formation of a few 
fragment ions observed. 
Reactions 2 and 3, based on charge-induced frag- 
mentation, can explain the majority of the primary 
fragments observed in the FAB analysis of digoxin. It 
is possible that these mechanisms can provide path- 
ways for the extensive fragmentation of the primary 
fragments as reported in Table 2. The charge site must 
be able to migrate throughout the molecule following 
primary fragmentation in order to explain all of the 
ions observed in the MS/MS spectra, which may be 
possible with the protonated species. Based on reac- 
tion 3, competition for the charge should be deter- 
mined by the relative basicity of the two competing 
sites. This holds true for the formation of m/z 651 and 
m/z 521 where fragmentation about the glycosidic 
bond, following reaction 3, results in the charge site 
residing on the nonreducing end of the sugar that 
contains the aglycone portion of the molecule. This 
nonreducing end of the sugar contains a more basic 
site, due to the close proximity of two -OH groups, 
than does the reducing end of the terminal sugar, 
which has only a ring oxygen and double bond in 
close proximity. However, this mechanism does not 
hold true for the formation of the fragment ion at m/z 
391. This species is primarily composed of the agly- 
cone portion of the molecule, even though the agly- 
cone has no -OH group or other functional group 
near the site of protonation/fragmentation to increase 
the basicity, whereas the sugar moiety has a ring 
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oxygen and double bond near the competing site. In 
this case the aglycone end is not more basic than the 
sugar end and therefore should not effectively com- 
pete for the I-I+. Therefore, some other fragmentation 
mechanism is required to explain the production of 
in/Z 391. 
The remote site fragmentation mechanism can ex- 
plain a high proportion of the fragment ions contain- 
ing the aglycone and the occurrence of the majority of 
the ions observed if the charge site is localized on the 
aglycone. This requires that a basic site or stable 
cation be formed for the charge to remain localized on 
the aglycone throughout the extensive fragmentation 
observed. There is no obvious basic site in the digoxin 
molecule on the aglycone that has a higher proton 
affinity than parts of the sugars, as can be seen in 
Figure 5. However, the five-membered ring of the 
aglycone provides a very plausible site for charge 
localization. kotonation of the oxygen atom in this 
strained five-membered ring could induce ring cleav- 
age followed by H migration to produce a tertiary 
cation. This is shown in reaction 5. The formation of 
the tertiary cation provides a charge site that hinders 
free migration of the charge back onto the sugars. 
This is one possible way that charge localization can 
occur on the aglycone to allow for remote site frag- 
mentation to produce the majority of the ions ob- 
served. The modifications in the aglycone that were 
investigated with digitoxin and gitoxin would not 
prevent this charge localization and therefore would 
still allow for the remote site fragmentation mecha- 
nism to occur. 
Thermodynamic considerations of these fragmenta- 
tion processes support remote site fragmentation 
mechanisms. Consider the case of the [M]H+ ion of a 
multifunctional compound containing at least two 
-OH groups, where one is protonated. If the ion is 
formed with excess energy, fragmentation can occur. 
In such a situation, ionic pathways are not necessarily 
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more energetically favored than neutral (remote site) 
processes. These pathways are shown in reaction 6. 
For example, pathway B, elimination of water due to 
an inductive cleavage, yielding a carbocation, requires 
approximately 23 kcal/mol [28]. In contrast, pathway 
A, a remote site fragmentation to form a double bond 
and H,O, only requires 12 kcal/mol [28]. Thus, there 
is no thermodynamic basis for excluding remote site 
eliminations because they should be competitive with 
ionic fragmentation mechanisms. 
(6) 
This remote site mechanism, however, does not 
explain the large ion currents at m/z 131 and m/z 113 
that are present in the FAB analysis of digoxin. It is 
possible that reaction 1 or 3 is the primary pathway for 
producing these two ions. According to Figure 5 the 
site with the highest proton affinity is on the terminal 
sugar. This could allow for charge-induced fragmenta- 
tion via reaction 1 or 3 to produce these two abundant 
low mass fragment ions at m/.2 113 and m/z 131. 
It is highly probable that more than one mecha- 
nism is involved in forming all of the fragment ions 
observed in this FAB mass spectrometric study of 
digoxin. A combination of these mechanisms can ex- 
plain the results obtained satisfactorily. More exten- 
sive studies on similar compounds need to be per- 
formed to determine the exact fragmentation path- 
ways involved in the formation of each fragment ion 
observed by both primary and secondary fragmenta- 
tion. 
We have attempted to take a fundamental ap- 
proach to the interpretation of the mass spectra ob- 
tained in the FAB and CAD experiments of digoxin 
and other related cardiac glycosides. The extensive 
fragmentation observed for these compounds is cer- 
tainly not uncommon in FAB analyses of such highly 
functionaiized compounds. It is possible that the ex- 
tensive fragmentation observed for these types of 
complex compounds may occur for different reasons 
and that fragmentation patterns may not be transfer- 
able to different types of compounds. However, the 
information presented here may provide a starting 
point for similar detailed analyses of the mechanisms 
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of fragmentation of protonated molecules from other 
highly functionalized compounds by FAB. 
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Appendix 
, , 1 
crease in the’ stability of the protonated species with 
the addition of functional groups, such as -OH, to 
the molecule [16]. This is believed to be due to in- 
tramolecular H-bonding with these functional groups 
upon protonation. For example, butanol has a PA of 
191 kcallmol [15] compared to 1,2,4_butanetriol, which 
has a PA of 216 kcallmol [3]. This increase in PA of 
25 kcalimol can be attributed to the two extra -OH 
groups, which allow for multiple H-bonding inter- 
actions that increase the stability of the protonated 
species. Following this pattern, the PA of propanol, 
190 kcalimol [15] can be compared to the PA of glyc- 
erol, which is 209 kcal/mol[3]. In this case, the addition 
of two -OH groups leads to an increase in the PA of 
the molecule of approximately 19 kcalimol. Therefore, 
we propose that similar H-bonding interactions with a 
corresponding increase in PA occur with the molecule 
digoxin when functional groups such as -OH groups, 
ring oxygens, and glycoside oxygens are in close prox- 
imity to each other, due to the stereochemistry of the 
molecule. We have conservatively proposed, based on 
the above PA values for linear mono and triols, that 
the interaction of a single -OH group with an -OR 
group (such as the glycosidic oxygen site on digoxin) 
The proton affinities listed in Figure 5 for the various 
sites in digoxin, as indicated in Figure 4, are estimated 
as follows. Three types of protonation sites are pre- results in an increase in PA of the more basic site of 
sent. First, we consider simple functional groups such approximately 5 kcallmol. For instance, site 1 has two 
as double bonds (site a), -OH groups (site b), keto- -OH groups near the -OR (glycosidic 0), all of which 
oxygens (site d), ring {ether) oxygens (site f), and are on the same side of the ring and have the potential 
glycosidic (ether) oxygens (site i). In these cases, for H-bonding. If the presence of each -OH group in- 
small, simple molecules containing such functional creases the PA of this site by at least 5 kcalimol, then 
groups are used as models. Thus, the proton affinities site 1 would have a PA of at least 10 kcallmol above the 
of these sites are based on the PA of the following PA of the glycosidic oxygen (site i) alone. This is repre- 
molecules: site a: 2-butene; site b: isopropanol; site A: sented in Figure 5 as a shaded region above the value 
acetone; site /: tetrahydropyran; and site i: isopropyl for site i, due to the uncertainty of these estimates and 
ether. The second type of protonation site is repre- interactions. In a similar way, it has been estimated 
sented by compounds containing more complex func- that the presence of a ring oxygen near a glycosidic 
tional groups or multiple functional groups. For ex- oxygen (site 11 may increase the PA of that site by at 
ample, site e is represented by an ester, which has a least 3 kcallmol. These estimates for the proton affini- 
PA different from that of an ether or a ketone. The PA ties for the possible sites of protonation on digoxin, 
of site e is estimated based on the PA of methyl based on similar organic molecules and the possible 
acetate. In a similar way, site c is considered to be multifunctional interactions that have been shown to 
similar to that found in the propenal molecule. occur for other molecules, are presented in Figure 5. 
